has been considered a significant and urgent issue in wastewater treatment.
At present, the main methods to remove atrazine include adsorption [6] [7] [8] [9] , UV and UV/MW photolysis [10] , ozonation [11] and Fenton-like process [12] . Among these methods, adsorption is favored by researchers because of its advantages such as low cost, high efficiency and simple operation. Biochar is the product of biomass by pyrolysis and carbonization under oxygen-limited conditions. It possesses high specific surface area, rich pore structure and abundant functional groups, which together have led to its great adsorption potential [13] [14] [15] . Recently, a variety of biochars have been reported to apply to the removal of atrazine from aqueous solutions. Wang et al. [8] prepared wheat strawderived biochar (WS750) via pyrolysis at 750ºC and found that the sorption quantity of atrazine by WS750 could reach 12.0 mg/g. Tan et al. [16] obtained cornstraw biochar via slow pyrolysis at 500ºC and suggested that its maximum sorption capacity for atrazine was 1.94 mg/g. Zhang et al. [17] reported that the sludge biochars prepared at 400ºC for 2 hours had the greatest atrazine adsorption and the adsorption equilibrium time was about 36 hours. However, most research concerning the adsorption of atrazine has been limited to biochars prepared by plant residues or excess sludge. Studies on biochars derived from livestock manure for atrazine adsorption have rarely been reported. Currently, sheep farming has developed rapidly in many countries, including Poland, India and China. The amount of sheep manure increased sharply with increasing numbers of sheep. It will pose great pressure on the ecological environment if sheep manure cannot be effectively treated or reused [18] [19] [20] . Although sheep manure contains a certain amount of fertilizer, when it is not fermented, the utilization rate of the plant is low, and it is easy to cause the plant to burn roots and seedlings. Moreover, the germs, worm eggs and parasites in sheep manure may also cause the spread of diseases and insect pests. Thus, sheep manure is not suitable for direct use as fertilizer in the soil. If the sheep manure can be used to produce biochar to adsorb atrazine, it will only reduce environmental pollution but also achieve waste recycling.
In this study, the adsorption ability of biochar produced from sheep manure to atrazine from aqueous solutions was investigated. The physicochemical properties of sheep manure-derived biochar were characterized. The main factors (initial solution pH, biochar dosage, contact time, initial atrazine concentration and temperature) that affect adsorption effect were evaluated using batch experiments. Based on this, the adsorption mechanism was analyzed by kinetic, isothermic and thermodynamic models. The purpose of this study was to develop an innovative, efficient, low-cost and environmentally friendly adsorbent for the removal of atrazine from wastewater and provide a theoretical basis for the resource utilization of sheep manure.
Materials and Methods

Reagents and Chemicals
Atrazine (with purity >97%, Fig. 1 ) procured from Aladdin Chemical Reagent Co. Ltd, was used in the present experiment. Certain amount of atrazine was dissolved in deionized water to prepare 20 mg/L stock solution. The stock solution was diluted based on the experimental needs. The initial pH of atrazine solution was adjusted by adding 0.1 mol/L NaOH or 0.1 mol/L HCl solutions. All the chemical reagents involved were analytically pure and the water was deionized.
Preparation of Adsorbent
The sheep manure was collected from a farm in Hongya County, Sichuan Province, China. The manure was processed by a pulverizer and ground through a 60 mesh sieve after drying and picking out impurities. We dried the sifted material in an 85ºC oven to a constant weight and took an appropriate amount to the crucible, and then put it into the muffle furnace after compacting and covering. It was then heated up to 650ºC at a rate of 20ºC/min and maintained constant temperature for 180 min before shutting down the muffle furnace and removing the pyrolysis products after cooling to room temperature. To remove the ash of the pyrolysis products, 200 mL HCl solution of 1.0 mol/L was added to 10 g pyrolysis products, the solution was oscillated at 150 r/min for 30 min and repeated three times. The products were sifted and dried in a 105ºC oven to a constant weight after water washing to neutral. The sheep manure-derived biochar (SMB650) was successfully prepared after the products were cooled and passed through a 100-mesh sieve.
Adsorption Experiments
Batch experiments were conducted in the present study. In each experiment, a 50-mL atrazine solution of a certain mass concentration was placed in a 100-mL conical flask. A certain quantity of SMB650 was added and the initial solution pH value was then adjusted, and magnetic stirring was used to accelerate the equilibrium in the adjustment process. The suspension was oscillated at 150 r/min for a certain period of time. The pH value of the solution was regularly detected during the experiment, and was kept constant by adding 0.1 mol/L HCl or NaOH. After the oscillation was over, the suspension was centrifuged at 4000 r/min for 10min and then filtered through a 0.45-µm filter membrane.
The filtrate was used to analyze for the residual atrazine.
Analysis Methods
The C, H, N and O contents of SMB650 were tested by elemental analyzer (VARIO EL cube, Elementar, Germany). The specific surface area (SSA), total pore volume (TPV) and average pore diameter (APD) of SMB650 were tested by specific surface area analyzer (NOVA4000e, Quantachrome, America). The surface topography characteristics of SMB650 were tested by a field emission scanning electron microscope (SUPRA40, ZEISS, Germany). The surface functional groups of SMB650 were tested by a Fourier infrared spectrometer (FTIR Spectrum100, Perkin Elmer, America). The concentration of atrazine was tested by high-performance liquid chromatography (Waters 2695-2996, Alliance, America). The analysis was run at 225 nm using methanol: water (60: 40, v/v) as mobile phase with a flow velocity of 0.8 mL/min and a column temperature of 40ºC.
The removal efficiency (η, %) and adsorption amount (q t , µg/g) of atrazine adsorbed onto SMB650 in each test were evaluated using the following equations:
…where C 0 (µg/g) is the initial concentration of atrazine, C e (µg/g) is the equilibrium concentration of atrazine, V (mL) is the volume of suspension, m (g) is the mass of SMB650 and t (min) is the contact time.
Results and Discussion
Physicochemical Properties of SMB650
Elemental analyses (Table 1) showed that the elemental content of SMB650 decreased in the order C>O>N>H. Generally, the ratios of H/C, O/C and (O+N)/C are recognized as indices for the aromaticity and polarity of adsorption materials [21, 22] . In the present study, the relatively lower ratios of H/C, O/C and (O+N)/C indicated that SMB650 was of high aromaticity and stability. Besides, the SSA, TPV and APD of SMB650 was 189.35 m 2 /g, 0.252 cm 3 /g and 12.43 nm, respectively. The result of SEM analysis (Fig. 2 ) also showed that SMB650 had rough texture with uneven surface and a large number of irregular pores. The large specific surface area and pore structure provided good conditions for atrazine adsorption onto SMB650.
The FTIR spectrogram of SMB650 is shown in Fig. 3 . It can be seen that the stretching vibration of hydroxyl groups (-OH), C-H, aromatic ring (C=C and C=O) and C-O appeared at 3409 cm , respectively, and the bending vibration of C-H appeared at 795 cm -1 . The result showed that the surface of SMB650 contained rich functional groups and aromatic structures, which provided a good basis for the adsorption of atrazine.
Preliminary Adsorption Studies
Effect of Initial Solution pH
The solution pH not only influences the physicochemical properties of the adsorbent but also affects the charge of adsorbate presented in the solution [23] [24] [25] . The effect of initial solution pH on the adsorption of atrazine onto SMB650 was studied using 1500 µg/L atrazine concentration under the condition (Fig. 4a) . It should be noted that in order to avoid the dilution caused by the excessive addition of HCl or NaOH when the pH of the solution was adjusted, and to save the cost of HCl or NaOH dosage, the solution pH in this study was investigated from 3.0 to 10.0.
As can be seen, SMB650 showed the best adsorbing effect when the pH value was 3.0, with the adsorption amount of atrazine up to 957.019 µg/g and the removal efficiency up to 63.8%. Comparatively speaking, the removal efficiency showed a 55.4% decrease when pH value was 6.0. On the one hand, since atrazine was a weakly alkaline substance its solubility decreased with the increase of pH value, and acidic condition was more favorable for adsorption. On the other hand, the atrazine was mainly in molecular form in solution when the pH value was near or less than its acid dissociation constant (pK a = 1.68). Because the adsorption of atrazine was mainly carried out by proton carboxyl group and molecular morphology, the adsorption reached a maximum when the initial solution pH value was 3.0.
Effect of Biochar Dosage
One of the parameters that significantly affect adsorption capacity is the dosage of adsorbent [26] . The effect of SMB650 dosages on the adsorption capacity was studied by contacting 50 mL of atrazine solution (1500 µg/L) for SMB650, keeping the contact time for 700 min at 25ºC with the optimum pH of 3.0.
A different amount of SMB650 (0.6-2.0 g/L) was added and the results are shown in Fig. 4b) .
It was obvious that the removal efficiency of atrazine increased with the increase of SMB650 dosage. For instance, the removal efficiency of atrazine was up to 99.7% when the SMB650 dosage was 2.0 g/L. On the contrary, the adsorption capacity of SMB650 for atrazine decreased with the increase of the biochar dosage. When the SMB650 dosage increased from 0.6 to 2.0 g/L, the adsorption amount of atrazine decreased from1183.133 to 747.375 µg/g. The removal efficiency was lower when the biochar amount was insufficient to adequately adsorb atrazine. Nevertheless, the excessive amount of biochar could result in spare adsorption sites, leading to the adsorption capacity decreasing because the biochar could not be fully utilized. Taking the removal efficiency, adsorption capacity and economical efficiency into overall consideration, the optimum SMB650 dosage for follow-up experiments was set to be 1.6 g/L. Under this condition, the adsorption amount of atrazine onto SMB650 was 910.603 µg/g and the removal efficiency of atrazine was 97.1%.
Effect of Contact Time
Contact time is one of the key parameters in the adsorption process [27] . In the present study, contact time ranged from 50 to 1200 min. Other experimental parameters were 1500 µg/L atrazine, pH 3.0, SMB650 dosage 1.6 g/L and temperature 25ºC. The results of contact time affect are shown in Fig. 4c) . It could be seen that the adsorption of atrazine onto SMB650 consisted of three stages: rapid adsorption (50-100 min), slow diffusion (100-500 min) and adsorption equilibrium (500-1200 min). In the rapid adsorption stage, the adsorption sites of the biochar were abundant and the adsorption rate was very high. The removal efficiency of atrazine was up to 73.2% at the end of this stage. As the contact time prolonged, atrazine began to slowly spread to the internal pores of biochar and the adsorption rate gradually slowed. When the contact time was further extended, the remaining atrazine concentration in the solution was low and the mass transfer power was weak, so the adsorption was gradually approaching equilibrium. Hence, 500 min was considered as the optimal adsorption time. The adsorption amount of atrazine at this experimental time was 893.538 µg/g and removal efficiency was 95.3%.
Adsorption Kinetics
To better analyze the behavior of atrazine adsorption onto SMB650, the adsorption of different initial atrazine concentrations (1500, 2000 and 2500 µg/L) were studied. The adsorption data were simulated using the pseudo first-order, pseudo second-order, intra-particle diffusion and Elovich models. The equations can be described as follows:
Pseudo first-order model:
Pseudo second-order model:
Intra-particle diffusion model:
Elovich model:
…where q e (µg/g) and q t (µg/g) are the adsorption amount at equilibrium and time t (min), respectively; k 1 (min the adsorption behavior under selected conditions [9] . It also indicated that the liquid film diffusion, surface adsorption and intra-particle diffusion might all play a role in the adsorption of atrazine onto SMB650 [28] . In addition, the fitting curve of the intra-particle diffusion model didn't pass through the origin point of coordinate axis (C≠0), indicating that intra-particle diffusion was not the only dominant rate-controlling step in the adsorption process [29] .
Adsorption Isotherms
In order to further reveal the essence of the interactions between adsorbate and adsorbent, batch experiments were performed under different initial atrazine concentrations (1000, 1500, 2000, 2500, 3000 and 4000 µg/L) and temperatures (25, 35 and 45ºC) . The adsorption data was processed by the Langmuir and and intra-particle diffusion model, respectively; C is the boundary layer thickness; and α [g/(µg·min)] and β (g/µg) are the Elovich rate constants.
The kinetic curves of atrazine adsorption onto SMB650 are shown in Fig. 5 , and the parameters of these kinetics models were obtained by regression analysis and listed in Table 2 . As can be seen in Table 2 , the pseudo second-order model fit the data best with their decision coefficients (R 2 ) greater than 0.98.The experimental adsorption amounts of atrazine (q e-exp : 930.175, 1110.369 and 1303.006 µg/g) were very close to the calculated values (q e-theory ) from the pseudo second-order model. Their relative errors were only 5.30%, 5.29% and 6.88%, respectively. Thus, it was more appropriate to describe the adsorption process of atrazine adsorption by the pseudo second-order model. It indicated that both atrazine concentration and SMB650 dosage had influences on Freundlich models. The expressions of Langmuir and Freundlich models can be written as follows:
Langmuir model:
Freundlich model:
…where K L (L/µg) is the Langmuir adsorption equilibrium constant; q e (µg/g) is the equilibrium adsorption capacity of adsorbent; q m (µg/g) is the theoretical maximum adsorption capacity of adsorbent; C e (µg/L) is the concentration of adsorbate at equilibrium; K F is the adsorption or distribution coefficient of Freundlich model; and 1/n is the heterogeneity factor.
The results of atrazine removal were shown in Fig. 6 . As could be seen from Fig. 6 , the adsorption capacity of SMB650 for atrazine increased with the increase of initial atrazine concentration. This was due to the increase of initial atrazine concentration, leading to the increase of atrazine molecules around the biochar, which augmented the mass transfer power and thus increased the adsorption amount [30] . Besides, the adsorption amount of atrazine by SMB650 increased with the increase of temperature. When the initial ATZ concentration, solution pH and SMB650 dosage were respectively 1500 μg/L, 3.0 and 1.6 g/L, the ATZ adsorption amounts were 893.538, 900.343 and 908.594 μg/g with the removal efficiency of 95.3%, 96.0% and 96.9% when the temperatures were respectively 25, 35 and 45ºC.
The relevant fitting parameters of Langmuir and Freundlich models are listed in Table 3 . According to Table 3 , the fitting results of Freundlich model were significantly better than those of Langmuir model, and their decision coefficients (R2) were all greater than 0.98, indicating that the adsorption behavior of atrazine onto SMB650 was more consistent with the Freundlich model and belonged to the multi-molecular layer adsorption. Based on previous studies [31, 32] , the constant KF of the Freundlich model represented the quantity of atrazine adsorbed onto SMB650 for unit equilibrium concentration. In this study, the value of KF rose with the increase of temperature, indicating that the high temperature was favorable to the adsorption. In addition, the constant 1/n of the Freundlich model reflected the heterogeneity of adsorption surface. The adsorption process was more difficult to make happen when the value of 1/n was greater than 1.0, while the process was comparatively easier when the value of 1/n was maintained around 0.1 to 0.5 [33] . In this study, the values of 1/n were 0.1293, 0.1269 and 0.1217, respectively, indicating that the adsorption of atrazine onto SMB650 was relatively easy to happen.
Adsorption Thermodynamics
To understand the nature of the adsorption behavior, the thermodynamic parameters for atrazine adsorption onto SMB650 were calculated using the following equations. The relationship between ∆G θ and T was shown in Fig. 7 , and the thermodynamic parameters for atrazine adsorption on SMB650 are shown in Table 4 . The values of ∆G θ were all negative, indicating that the adsorption process of atrazine onto SMB650 was thermodynamically spontaneous [34, 35] . In addition, the value of ∆G θ decreased from -6.2976 to -7.8730 kJ/mol as the temperature increased from Table 3 . Langmuir and Freundlich isotherm parameters for atrazine adsorption.
T(K)
Langmuir model Freundlich model 298 K to 318 K, representing the fact that higher temperature was favorable to the adsorption reaction [35] . The value of ∆H θ (17.2179 kJ/mol) was found to be positive, revealing that atrazine adsorption onto SMB650 was an endothermic process [36] . Based on the previous studies [37] [38] [39] , the higher values of ∆H θ (>40 kJ/mol) were characteristic of chemical adsorption, while the lower values of ∆H θ (<25 kJ/mol) indicated that the reaction was physical. Therefore, the adsorption of atrazine onto SMB650 was mainly a physical process. The value of ∆S θ [0.0788 kJ/(mol·K)] was also positive, confirming that the adsorption was a process of entropy increasing and the degree of chaos between the solid and liquid interface increased [40] .
Conclusions
The biochar was prepared by sheep manure at the pyrolysis temperature of 650ºC, and its potential to remove atrazine from aqueous solution was investigated using batch experiments. The physicochemical properties of SMB650 showed that it had a good foundation for atrazine adsorption. The adsorption reached equilibrium at 500 min with the atrazine adsorption amount of 893.538 µg/g and the removal efficiency of 95.3% when the initial atrzaine concentration, initial solution pH, SMB650 dosage and temperature were respectively 1500 µg/L, 3.0, 1.6 g/L and 25ºC. The pseudo secondorder and the Freundlich model could more accurately describe the adsorption behavior of atrazine onto SMB650. The calculated thermodynamic parameters indicated that the atrazine adsorption onto SMB650 was a spontaneous and endothermic process. In conclusion, SMB650 was found to be an innovative, efficient and low-cost adsorbent for the removal of atrazine in wastewater.
